The paper presents the results of the cross-validation of a frequency ratio model using remote sensing data and GIS for landslide susceptibility analysis in the Penang, Cameron, and Selangor areas in Malaysia. Landslide locations in the study areas were identified by interpreting aerial photographs and satellite images, supported by field surveys. SPOT 5 and Landsat TM satellite imagery were used to map landcover and vegetation index respectively. Maps of topography, soil type, lineaments and land cover were constructed from the spatial datasets. Nine factors which influence landslide occurrence, i. e. slope, aspect, curvature, distance from drainage, lithology, distance from lineaments, soil type, landcover, and NDVI, were extracted from the spatial database and the frequency ratio of each factor was computed. For all three areas the landslide susceptibility was analysed using the frequency ratios derived not only from the data for the respective area but also using the frequency ratios calculated from each of the other two areas (nine susceptibility maps in all) as a cross-validation of the model. For verification, the results of the analyses were then compared with the field-verified landslide locations. Among the nine cases, the case of Cameron based on the Cameron frequency ratio showed the highest accuracy (83%), and the case of Selangor based on the Penang frequency ratio showed the lowest accuracy (70%). Qualitatively, the model yields reasonable results which can be used for preliminary landslide hazard mapping.
Introduction
Landslides, are a recurrent problem throughout most of Malaysia. According to local newspaper reports (The Star 2008) in the years 2006 to 2008 but also in 2009 heavy rainfalls triggered landslides and mud flows along east coast highways in Peninsular Malaysia, in Sabah (East Malaysia) as well as in the island state of Penang. The areas hit hardest are along the Cameron Highland. in the mountainous state of Pahang on Peninsular Malaysia. These landslides cost millions of dollars of property loss and even lives. The extent of the damages could be minimized if a long-term early warning system predicting the mass movements in the landslide-prone areas would have been in place.
The landslides that occurred along the New Klang Valley Express Highways (NKVE) Region in the year 2003 have alerted the highway authorities and other governmental organizations towards the seriousness of landslide management and prevention. The October 2002 landslide in Kuala Lumpur which completely destroyed few houses and killed six members of a family is still in the public's memory. Landslides in Malaysia are mainly triggered by tropical rainfall and flash floods causing failure of the rock surface along fracture, joint and cleavage planes. The geology of the country is quite stable but continuous development and urbanization lead to deforestation and erosion of the covering soil layers, thus causing serious threats to the slopes.
In the past Penang Island, Cameron Highland and the area of Selangor faced numerous landslide and mudflow events, and much damage was caused in these areas. Most of these landslides have been triggered by heavy rainfall. However, only little effort has been made to assess or predict these events which caused serious damages. Through scientific analyses of these landslides, one can assess and predict landslide-susceptible areas and even the events as such, and thus reduce landslide damages through proper preparation and/or mitigation. Therefore, understanding the landslides and preventing them is one of the serious challenges, not only for Malaysia. To achieve this objective, techniques of landslide susceptibility analysis were validated and subsequently cross-validated in the three study areas using a frequency ratio model.
Previous Work
Many studies have been carried out on landslide hazard evaluation using GIS and Geoinformation-related techniques. Guzzetti et al. (1999) conducted GIS-based studies in the Umbria and Marches regions of Central Italy and also summarized many case studies of landslide hazard evaluation along the Apennines Mountains. Reports of landslide analyses using GIS and probabilistic models were also published (temesGen et al. 2001; Dai et al. 2001; Pistochi et al. 2002; akGun et al. 2008; clerici et al. 2006; PraDhan et al. 2006; lee et al. 2004a , 2007 PraDhan et al. 2008 , PraDhan 2010 . The geotechnical and the safety factor models are also good tools to spatialize landslide hazard analysis, and they have the potential to develop scenarios by changing the input parameters (shou & WanG 2003) . All these models provide solutions for integrating information levels and mapping the outputs. Recently, other new methods have been applied for landslide hazard evaluation using data mining, fuzzy logic, safety factor and artificial neural network models (ercanoGlu & GokceoGlu 2002; tanGestani 2004; lee et al. 2003 , 2004b PraDhan & lee 2008a; PraDhan et al. 2009a PraDhan et al. , 2009b PraDhan et al. , 2009c PraDhan et al. 2009d PraDhan et al. , 2010 . The spatial results of these approaches are generally appealing, and they give rise to qualitatively and quantitatively map the landslidesusceptible and hazard areas.
The main difference between this study and the approaches described in the aforementioned publications is that the frequency ratio model was validated and also cross-validated in three study areas.
The landslide occurrences in the study areas were detected by interpretation of aerial photographs and by field survey. A map showing the most recent landslide inventory was developed based on aerial photographs in combination with GIS for Penang Island, Cameron Highland and Selangor. Remote sensing methods, using aerial photographs and satellite images were employed to obtain significant and cost-effective information on landslides. In this study aerial photographs at scales of 1:10 000 -1:50 000, taken between 1981 and 2005, were used to map the landslide locations. The inventory maps were prepared by a structural geologist with a profound knowledge in airphoto interpretation. These landslides can be seen in aerial photographs by interpreting breaks in the forest canopy, bare soil, and other typical geomorphic characteristics of landslide scars. Nine landsliderelated factors, namely slope, aspect, curvature, distance from drainage, lithology, distance from lineaments, landcover, soil types and normalised difference vegetation index (NDVI) were either directly extracted or calculated from the spatial database or the Landsat TM and SPOT 5 satellite images. Using the detected landslide locations and factors, a landslide analysis method based on a frequency ratio model was applied and validated. To achieve this, the calculated and extracted factors were put into a 10 × 10m grid (Arc/Info GRID type), and then converted into ASCII data for use with the frequency ratio model. Subsequently, frequency ratio values of each factor were determined and landslides susceptibility maps constructed. Then the ratio values were applied to the other two study areas. Finally, the landslide susceptibility analysis results were validated and cross-validated using the landslide locations of all three study areas. The validation was performed by comparing all existing landslides and landslide susceptibility analysis results for the study areas.
Study Areas and Spatial Datasets
Three study areas, which have been badly affected in recent years, Penang Island, Cameron Highland and Selangor, were selected as suitable study areas for the present research.
Penang Island lies between 35º15' N and 5º30' N, and 100º10'E and 100º20'E, and covers an area of 285 km 2 (Fig. 1) . The bedrock geology of the study area consists mainly of granite. Cameron Highland lies between 4° 32' N and 4° 23' N, and 101° 22' E and 101° 31' E, and covers an area of 660 km 2 . The geology of the Cameron Highland consists of mostly two types of litho types: igneous and metamorphic rocks. The third study area, Selangor, lies between 3º 23' 53.6" E and 3º 45' 18.05" E, and 101º 30' 55.33" N and 101º 3' 36.3 " N, and covers an area of 8,179.28 km 2 . The bedrock geology of the study area consisits of granite and gneiss. In all the three study areas landslides occurred when the maximum daily rainfall was 208 mm.
Maps relevant to landslide occurrence in the study areas were constructed in spatial vector datasets using the ARCInfo version 9.0 GIS software. These included topographic maps at a scale of 1:25,000, soil maps at 1:25,000 and geology maps at 1:63,300. A land-use map was extracted from Landsat TM satellite images with a resolution of 30 m. Data layers and overall methdology used in the analysis are shown in Fig. 2 . Contour lines and spot heights were extracted from the topographic map and subsequently Digital Elevation Models (DEMs) were constructed for all study areas. Using the DEMs, slope, aspect and curvature were calculated. Soil types, litho types and distance from drainage were acquired from soil, geology and topographic maps respectively. The location of lineaments was extracted from structural map and further refined using up-to-date SPOT 5 satellite images. Then the distance from the lineaments was calculated in ArcGIS with 100 m increments based on the Euclidean distance method. The lithology map was prepared from the geological map. The lineament buffer was calculated in 100 m intervals and classified into 10 equal area classes. SPOT 5 scenes of 5 January 2005 (Penang Island and Cameron Highland), and 19 April 2005 (Selangor) were classified to map the different landcover classes. The landcover maps were prepared using SPOT 5 images (2.5 m spatial resolution) applying a supervised classification supplemented with field survey. An overall classification accuracy of up to 89% was achieved. Finally, of 2418 rows and 1490 columns with 3602,820 cells, landslides occurring in 324 of them. The Selangor dataset was composed of 1088 rows and 992 columns (total 1079,296 cells). Landslides occurred in 327 cells.
Frequency Ratio Model
Frequency ratio approaches are based on the observed relationship between the distribution of landslides and each landslide-related factor in order to reval the correlation between landslide locations and the geo-factors determining the study areas (lee & PraDhan 2007b).
Using the frequency ratio model, the spatial the Normalized Difference Vegetation Index (NDVI) maps were generated from LAND-SAT TM satellite images acquired 25 January 2005, 7 March 2005, and 15 September 2005. The NDVI value was calculated using the formula NDVI = (IR -R) / (IR + R), where IR is the energy reflected in the infrared portion of the electromagnetic spectrum, and R is the energy reflected in the red portion of the electromagnetic spectrum.
For all three study areas the datasets were divided into grids with 10 × 10 m cells. The Penang Island dataset resulted in 2493 rows and 1887 columns, and the cell number being 4704,291. In 463 of them landslides had occurred. The Cameron dataset was composed NDVI) were derived. The frequency ratios of each factor's type or range were calculated from their relationship with landslide events for three study areas. They are listed in Tab. 1. The frequency ratio denotes a ratio between relationships between landslide occurrence location and each of the factors contributing to the occurrence of landslides (slope, aspect, curvature, distance from drainage, lithology, distance from lineaments, soil, landcover, and 
Tab. 1:
Frequency ratio of landslide-related factors for Penang Island, Cameron Highland and Selangor. lines on landslide occurrence. For this purpose, the proximity of landslides to drainage lines was identified by buffering (Tab. 1). It can be seen that as the distance from a drainage line increases, the landslide frequency generally decreases. At a distance of < 250 m, the ratio was > 1, indicating a high probability of landslide occurrence, and at distances > 251 m, the ratio was < 1, indicating very less probability. This can be attributed to the fact that terrain modification caused by gully erosion may influence the initiation of landslides. However, at a distance of < 50 m, the frequency ratio is 0.81 which is due to the lower number of previously triggered landslides. In the case of lithology it was found that the frequency ratio was lower (0.97) in alluvium types of rocks, and higher (1.30) in igneous areas. In the case of the distance from lineamens, the closer the distance to a lineament was, the greater was the landslide-occurrence probability. For distances of < 100 m, the ratio was > 1, indicating a high probability of landslide occurrence, and for distances of > 1000 m, the ratio was < 1, thus indicating a low probability. As the distance from lineament decreases, the fracturing of the rock increases, and the degree of weathering increases, thus resulting in greater chances of landslides.
As for the soil type (Tab. 1), the frequency ratio was comparatively higher for RGM-BTG series (2.01) and STP (1.31). This indicates that the landslide probability increases with steeper land. In the case of landuse (Tab. 1), the landslide-occurrence values were higher in tin mine areas (15.25) and primary woods (1.52) but lower in hard rock areas and dense forest. Regarding the vegetation index, for NDVI values above 0 the frequency ratio was > 1, which indicates a high landslide-occurrence probability, and for NDVI values below 0 the frequency ratio was < 1, indicating a low landslide-occurrence probability. This result implies that the landslide probability decreases with the increase of the vegetation index value. This appears in the first instance unusual but can be explained by the fact that more vegetation develops along tectonic zones of weakness. Similar findings and explanations can be given for the Cameron and Selangor areas (Tab. 2, column 3 and 4). occurrence and absence of landslides in each cell. In the relation analysis, the ratio is that of the area where landslides occurred in the entire area, so that a value of 1 represents an average value. If the value is bigger than 1, this implies a higher correlation, and values lower than 1 stand for lower correlations.
For the sake of simplicity only the frequency ratio of the Penang dataset is discussed here (Tab. 1, column 2). In the case of slope, the relationship between landslide occurrence and slope gradient shows that steeper slopes have a higher landslide probability. For slopes of 15° and less the frequency ratio was 0.2 which indicates a very low probability of landslide occurrence. For slopes above 26° the ratio was > 2, thus indicating a high probability of landslide occurrence. As the slope angle increases, the shear stress in the soil or other unconsolidated material generally increases, too. Gentle slopes are expected to have a low frequency of landslides because of the generally lower shear stresses associated with low gradients. Steep natural slopes resulting from outcropping bedrock, however, may not be susceptible to shallow landslides. In the case of the aspect (Tab. 1), landslides were most abundant on south-and southwest-facing slopes. The frequency of landslides was lowest on west-, northwest-, and northwest-facing slopes, except in flat areas. The curvature values represent the morphology of the relief. A positive curvature indicates that the surface is upwardly convex at that pixel. A negative curvature indicates that the surface is upwardly concave at that pixel. A value of zero indicates that the surface is flat. As shown in Tab. 1, the higher a positive or negative curvature value, the higher is the probability of landslide occurrences. Flat areas had a frequency ratio of 0. Concave areas had a frequency ratio of 0.41. The reason for this is that subsequent to heavy rainfall, a concave slope contains more water and retains this water for a longer period which could lead to a slope failure triggering a landslide.
Convex areas had a frequency ratio of 3.07. The reason for this is that a convex rounded hilltop slope could expose to heavy rainfall causing repeated dilation and contraction of loose debris on an inclined surface that might induce a creeping or mudslide. Analyses were carried out to assess the influence of drainage range were summed to calculate the landslide susceptibility index, as shown in Eq. (1).
LSI = ∑Fr
(1)
Where Fr is the frequency ratio of each factor type or range.
Application of Frequency Ratio Model for Landslide Susceptibility Analysis
The frequency ratio valuess were used for calculating the landslide susceptibility index and mapping. The ratios of each factor type or
datasets (Penang, Cameron and Selangor). Overall, there were nine cases for mapping. Thus, the calculated ratings from the Penang datasets were applied to Penang, Cameron and Selangor. Similarly, the calculated ratings from the Cameron datasets were applied to For landslide susceptibiliy mapping, the frequency ratios were applied to the study area from which they were derived, as well as to the other two areas. That is, the calculated frequency ratios from each dataset (for Penang, Cameron, and Selangor) were applied to all
and 20.38, respectively. Similarly, Fig. 2 (b) shows a landslide susceptibility map of Penang calculated on the basis of frequency ratios from the Cameron datasets. In this case, the minimum, mean and maximum LSI are 4.96, 11.77 and 19.33.
Validation of the Susceptibility Maps
To validate the applied landslide susceptibility calculation method, two basic assumptions are required. One is that landslides can be related to spatial information (such as topography, soil, lithology, lineaments, drainage, land cover and NDVI) and the other one is that future landslides will be triggered by a specific impact factor, such as rainfall. In this study, these two assumptions are reasonably fulfilled because the landslides are related to spatial information and all the landslides were caused by heavy rainfall in Penang, Cameron and Selangor (PraDhan & lee 2008). The results of the landslide susceptibility analysis were displayed in the maps of Penang, Cameron, and Selangor which were separately computed on the basis of each of the Penang, Cameron and Selangor, and those from the Selangor datasets were applied to Penang, Cameron and Selangor, giving nine sets to be mapped. Using the frequency ratio (Tab. 1) and Eq. (1), the LSI values were computed for the nine cases. If no ratio was available for a certain class, the average value (i. e., 1) was used.
Hence, as presented in Fig. 3 , nine landslide susceptibility maps were calculated. Fig. 3a presents Penang based on the Penang ratings, Fig. 3b the same area based on the Cameron ratings, and Fig. 3c , on the Selangor ratings. Then the calculated landslide susceptibility indices (LSI) were grouped into four groups by equal area classfication (highest 10%, second-highest 10%, third-highest 20% and remaining 60%) for easy visual interpretation of the landslide susceptibility. The landslide suscepti-bility increases with the height of the LSI value. The patterns of the identical study areas proofed to be very similar, but there were some differences in the distribution of the index values. Fig. 2 (a) , for example, represents a landslide susceptibility map of Penang calculated by using frequency ratios from the Penang datasets. Here the minimum, mean and maximum values of each LSI are 1.6, 9.15 Cameron and Selangor frequency ratios to Penang (Fig. 4a) , the 90 -100% class with the highest 10% possibility of landslides contains 28% of the landslides occurring in Cameron and 31% of the landslides of Selangor. In the case of the application of the Penang and Selangor frequency ratios to Cameron (Fig. 4b) , the 90 -100% class with the highest possibility of landslides contains 23% of the landslides of Penang area and 33% of the landslides of Selangor. When applying the Penang and Cameron frequency ratio to Selangor (Fig. 4c) , the 90 -100% class with the highest possibility of landslides contains 31% of the landslides occurring in Penang and 31% of those of Cameron.
To compare the result quantitatively, the areas under the curves were recalculated. If the total area is found to be 1 which means a perfect prediction accuracy. Hence, the areas under curves can be used to assess the prediction accuracy qualitatively. They are shown in Tab. 2. In the case of Penang based on Penang frequency ratio value, the area ratio was 0.8035, thus implying a prediction accuracy of 80.35%. In the case of Penang based on Cameron frequency ratio, the area ratio was 0.7058 and the prediction accuracy 70.58%. When applying the Selangor frequency ratio to Penang, the area ratio was 0.7708, and the prediction accuracy 77.08%. In the case of Cameron based on Cameron frequency ratio, the area ratio was 0.8399, and the prediction accuracy is 83.99%. In the case of Cameron based on Penang frequency ratio, the area ratio was 0.7109 and the prediction accuracy is 71.09%. Further "under the curve" values and the corresponding prediction accuracies can be retrieved from Tab. 2.
Penang, Cameron and Selangor factors and subsequently validated and cross-validated using all landslide locations in these areas. The maps of Penang, calculated by means of the Penang, Cameron and Selangor ratings, were validated using the entire landslide locations in Penang, Cameron and Selangor. Also, the maps of Cameron, calculated on the basis of the Penang, Cameron and Selangor parameters, were validated using landslide locations in Penang, Cameron and Selangor. Likewise, for the study area of Selangor the corresponding procdure was applied. Therefore, overall validations were performed in nine cases.
A comparative depiction of the results like the one given in Fig. 4 illustrates how well the nine landslide susceptibility maps match relity. To obtain Fig. 4 , the relative ranks of landslide susceptibility maps and landslide occurrence were calculated for each case, and the validation results were divided into classes of accumulated area ratios according to the percentage of the landslide susceptibility indices.
The above procedure was applied to each of the study areas. In the case of the application of the Penang frequency ratio to the study area of Penang (Fig. 4a) , the 90 -100% class with the highest 10% of probability of a landslide contains 35% of the landslides in that area. The 0 -20% class contains 57%, and the 0 -30% class contains 72% of all landslides in Penang. As for the application of the Cameron frequency ratio to Cameron (Fig. 4b) , the 90 -100% class with the highest possibility (10%) of a landslide contains 55% of the landslides in Cameron. The 0 -20% class contains 72% and the 0 -30% class contains 82% of the landslides in Cameron. For Selangor (Fig. 4c) , the corresponding figures read 34%, 55% and 85% of all landslides occurring in Selangor.
The above procedure was also adapted for the other two study areas. When applying the a The frequency ratio of the second area was applied to the first area earthquake shaking, or slope cutting exist, then a probability analysis including these values could also be made. Similarly, if factors relevant to the vulnerability of buildings and other property were available, a risk analysis could also be performed. Landslides are among the most hazardous natural disasters in Malaysia. The Government and research institutions are trying to analyze the landslide hazard and risk and to show its spatial distribution over the regions. The use of multi temporal radar data such as TerraSAR for observing the landslides and residues in the research phase could be one of the prominent future directions. In the same line, there is a lot of work to be done to investigate the landslide causative parameters and their direct relationship between the triggering of future landslides.
Landslide susceptibility maps are of great help for planners and engineers to identify suitable locations for development. These results can be used as basic data to assist slope management and land-use planning.
Conclusions and Discussion
The frequency ratio-based cross application approach was successfully used for the three study regions Penang Island, Cameron Highland, and Selangor. The frequency ratio model permitted to determine the ratings for the input layers and produce nine sets of landslide susceptibility maps after the cross application of the ratings to the three study areas. This allows drawing the following conclusions from the experience gained in these study areas with different geological and geomorphological environment.
For the landslide susceptibility analysis and the establishemnt of a landslide-related GIS database of all three study areas landslide locations were mapped using aerial photographs. For the landslide susceptibility analysis, the frequency ratio model was applied, validated, and cross-validated for the three study areas using the landslide database. Then, the results were validated by calculating the correlation between actual landslide locations and probable occurrences.
The calculated ratings based on the frequency ratio showed a similar trend for each study area. Among the nine generated landslide susceptibility maps, case of Cameron based on the "Cameron weight" showed the highest accuracy (83.99%), and Selangor based on the "Penang Island weight" the lowest (70.30%). Generally, however, the validation results showed a satisfying agreement between the susceptibility map and the landslide locations verified in the field.
In the present study only a susceptibility analysis based on the described nine parameters was performed. The spatial distribution of precipitations, especially of rainfall intensities, is very difficult to map and to model accurately. Intensive tropical monsoon rainfalls in the form of very local storms or torrential precipitation are the most frequent triggering factor. They seriously hamper to determine the rainfall distribution. The rain-gauge network in study areas is not dense enough to adequately record the precipitation. Therefore the classical relationship between the topographic parameters, landslides and total rainfall could not be assessed. If, however, data on landslide-causing parameters such as rainfall,
